Snags are standing dead trees that are an important component in the nesting habitat of birds and other species. Although snag availability is believed to limit populations in managed and non-managed forests, little data are available to evaluate the relative effect of stand conditions and management on snag occurrence. We analyzed point sample data from an intensive forest inventory within an 80,000 ha landscape for four major forest types to support the hypotheses that routine low-intensity prescribed fire would increase, and thinning would decrease, snag occurrence. We employed path analysis to define a priori causal relationships to determine the direct and indirect effects of site quality, age, relative stand density index and fire for all forest types and thinning effects for loblolly pine and longleaf pine. Stand age was an important direct effect for loblolly pine, mixed pine-hardwoods and hardwoods, but not for longleaf pine. Snag occurrence in loblolly pine was increased by prescribed fire and decreased by thinning which confirmed our initial hypotheses. Although fire was not important in mixed pine-hardwoods, it was for hardwoods but the relationship depended on site quality. For longleaf pine the relative stand density index was the dominant variable affecting snag occurrence, which increased as the density index decreased. Site quality, age and thinning had significant indirect effects on snag occurrence in longleaf pine through their effects on the density index. Although age is an important condition affecting snag occurrence for most forest types, path analysis revealed that fire and density management practices within certain forest types can also have major beneficial effects, particularly in stands less than 60 years old.
Introduction
Wildlife habitat suitability metrics inferred from vegetation composition and structure can be reliable indicators of species occurrence and an important tool for making population assessments (Millspaugh and Thompson, 2008) . The availability of standing dead trees, commonly known as snags, to primary and secondary avian cavity nesting species, particularly large snags, can influence species presence or absence in a variety of forests in numerous biomes (Marchetti, 2004; Kroll et al., 2012) . The southeastern U.S. includes several such biomes with snagdependent avian and mammal species of conservation concern (e.g., Kilgo and Vukovich, 2014) . However, snag occurrence is highly variable within forests of the region (Rosenberg et al., 1988; Land et al., 1989; Moorman et al., 1999) . Understanding the processes influencing patterns of snag abundance is important for prediction and assessment of habitat. Natural processes, such as high stem densities, severe wildfires, lightning, storms, diseases and insects, control snag recruitment while wind and decay control loss rates of snags. Although direct process modeling of snag occurrence using all known and unknown causal factors is impractical, the processes may be associated with more readily collected and widely available stand variables such as vegetation composition, age, site quality and stand density.
In forests managed for forest products and wildlife habitat, overstory thinning and prescribed fire are potentially important factors affecting landscape variation of snag occurrence. The density of snags was negatively affected by thinning in Douglas-fir (Pseudotsuga menzesii Franco.) in Oregon (Hagar et al., 1996) , mixed-species forests of Maine (Garber et al., 2005) , and young pine stands (<35 years) in North Carolina (Homyack et al., 2011) . Edworthy and Martin (2013) found reductions in post-harvest snag persistence in aspen forests in British Columbia. Zarnoch et al. (2013) stand thinning compared with snags in non-thinned stands. A commonality among these studies is the potential for increased windloading on snags that can cause them to fall sooner after thinning than under non-thinned conditions (Petola, 2006) . In contrast, prescribed fire can increase the number of snags due to overstory tree mortality following burning (Menges and Deyrup, 2001; Sullivan et al., 2003; Yaussy and Waldrop, 2010) . However, there is limited information on how low-intensity prescribed fire affects snag occurrence across a range of forest types, ages and fire regimes.
Experimental evidence from diverse studies for a negative impact of thinning on residual snag density and persistence, and the positive effects of prescribed fire on snag-recruitment, raises the question of the importance of these effects at a landscape level. Specifically, are thinning and prescribed fire dominant processes that directly or indirectly affect snag occurrence within several different forest types? Second, how important are the direct effects of site index, age and stand density relative to any impacts of fire and thinning? To address these questions and to confirm the hypotheses that thinning and fire are dominant processes, we constructed an a priori path model to represent the hypothesized direct and indirect effects of these variables on snag occurrence (Kline, 1998) . We used observations of snag occurrence on forest inventory point samples distributed over several common forest types on an 80,000 hectare (ha) forest landscape. In addition, we created logistic models of snag occurrence for each forest type to provide predictive models as functions of stand age, site and density and the thinning and prescribed fire management variables.
Methods
The study was conducted at the U. S. Department of Energy's Savannah River Site (SRS), a National Environmental Research Park in Aiken and Barnwell counties, South Carolina in the Upper Coastal Plain and Sandhills physiographic provinces (Kilgo and Blake, 2005) . The site has a long history of agriculture cultivation and forest harvest typical of the region that dates from the 18th century prior to Department of Energy control in 1951.
Forest vegetation point sample data and treatment history
During May through September 2010, we measured live trees and snags on 1680 point samples (Husch et al., 1993 ) located systematically across the SRS resulting in about one point per 48 ha of forest. From the center of each point we used a 2.3 factor prism, or occasionally a 1.15 factor prism if fewer than 5 live trees were in the 2.3 factor count, to determine basal area (BA) and density for all live trees and snags. Point samples without live trees in the count (recently harvested and young stands) were removed from the database, which reduced the dataset to 1603 point samples. We further eliminated slash pine (Pinus elliottii) and cypress-tupelo (Taxodium distichum-Nyssa biflora) dominated point samples due to limited sample size or lack of management, respectively. We measured all tree diameters (DBH) and identified species (Parresol and Blake, 2010) . A total of 459 snags were inventoried on 286 of the 1454 sample points (Table 1) .
We defined snag occurrence at a sample point as the presence of at least one snag in the prism count. Large snag occurrence was the presence of at least one snag greater than or equal to 25 cm DBH. The forest type assigned to each point sample corresponds to common southeastern forest types. Sample points having at least 80% of their basal area in longleaf pine (Pinus palustris), or loblolly pine (P. taeda), were analyzed as separate forest types. These pine-dominated forests are commonly thinned and burned periodically. Point samples of mixed pine-hardwoods (21-79% pine) and hardwoods (20% or fewer pines) were also treated as separate forest types. Hardwoods stands are rarely thinned, but they are burned periodically because they reside within the pine-dominated landscape which is burned.
We obtained stand age at each sample point from the SRS forest vegetation database. We cross-checked and corrected age using the previous (2001) inventory that included direct core aging of trees at 629 sample points. Age ranged from 2 to 123 years for the 1454 sample points. Site quality, based on standardized dominant tree height at age 50 years (site index, SI), was determined using a depth to groundwater, soils and land use history model (Edwards and Parresol, 2012) and ranged from 13 to 38 m. The relative stand density index (RSDI) was computed following Woodall et al. (2005) . First, stand density index (SDI) for each sample point was calculated using the summation method as
where DBH i = DBH (cm) for tree i, n = number of prism trees in the sample point, and TF i = the expansion factor for the ith tree. The sample point mean specific gravity index (SG m ) is then calculated as
where SG i = species specific gravity for tree i. Species specific gravities at 12% moisture content volume and oven-dry weight were obtained from the FIA DataMart http://www.fia.fs.fed.us/tools-data (Woudenberg et al., 2010) . We calculated the maximum stand density index for pure and mixed species stands at the 99% level (SDI 99 ) using the Woodall et al. (2005) equation
The RSDI for each plot is then expressed as
The treatment history for each sample point was obtained from the SRS land management database that includes prescribed fire history since 1971 and thinning history since 1996. The area of SRS treated annually with low-intensity surface prescribed fires ranged from approximately 5000 to 15,000 ha. Very little prescribed burning was done between 1951 and 1976, so the database captures most of the burning conducted for these sample points. Approximately 1700-2800 ha of thinning were completed annually from 1980 to 2010 in pine and occasionally mixed pinehardwoods stands. When stands are thinned, the smaller and poor stem quality materials are removed preferentially subject to the residual density or spacing standards. As stands age the residual stocking standard is lower.
Fire history was formulated as an integrated continuous variable representing the influence of the number of fires since establishment (range 0-9) and time since each fire (0.5-39 years). We created a fire component for the time weighted influence of each fire as
where f ij is the fire component due to fire j, and y i is the number of years since fire j occurred on sample point i. The composite fire index is then FI i ¼ P n i i¼1 f ij where n i = number of fires on sample point i. Thus, FI i is a function of the number of fires where recent fires are weighted larger than those in the past. For instance, a sample point burned in 2009 and 2004 would have a larger FI i than a sample point with burns in 2000 and 1995. The parameter ''a'' was fixed at À6, and ''b'' at 1 which reflects a survival probability of snags similar to previous work by Menges and Deyrup (2001) , Sullivan et al. (2003) , Yaussy and Waldrop (2010) , and Zarnoch et al. (2013) such that the half-life from Eq. (5a) was 6 years, which included 2 years for tree death to occur. The fire index reduced the fire effect from two categorical variables to one continuous variable. This approach eliminated many categorical interaction terms and problems with extracting direct and indirect effects in path analysis that would have made interpretation of results more difficult. The thinning history for each sample point consists of time since last thinning (0.5-14 + years) prior to the 2010 inventory. A continuous thinning index (TI i ) was calculated in the same manner as the FI i . Since thinning is done over much longer periodic intervals (10+ years) very few TI i values included more than one thinning event.
Path analysis
Path analysis is a technique used to quantify and compare the strengths of direct and indirect causal effects among a set of variables of a particular biological system by simultaneously solving a set of linear equations (Kline, 1998 ). This will be explained later in this section. We defined a priori a path model to describe snag occurrence and address the initial hypotheses regarding the direct and indirect effects of prescribed fire and thinning as well as other stand variables (Fig. 1) . Following standard terminology, AGE, SI and TI are exogenous variables that are related via a covariance term (indicated by arrows with both ends pointed in Fig. 1 ). Exogenous variables are not required to be normally distributed (Kline, 1998) . The FI and RSDI are endogenous mediating variables, in that they are both influenced by other variables and potentially mediate the influence of AGE, SI and TI on snag occurrence. To satisfy the assumptions in path modeling, these variables should be normally distributed. Snag occurrence is purely an endogenous dichotomous (0, 1) variable.
Direct paths are represented by arrows connecting variables and snag occurrence that do not pass through another variable (OS, OD, OF, OT, OA). Indirect paths are represented by arrows entering and Table 1 The total number of sample points for each forest type and management history along with the number of sample points that contained at least one snag (All Snags) and one large snag (DBH P 25 cm) (Large Snag). leaving other variables. For example, the indirect paths to snag occurrence for AGE are OF * FA and OD * DA, which can be compared to the direct path of AGE to snag occurrence (OA). We considered AGE as a dominant variable since many of the processes contributing to tree mortality are more likely to be dependent upon age. We hypothesized that SI has a minor effect on snag occurrence which would be expressed through the RSDI. The FI is hypothesized to have a direct positive effect on snag occurrence while it is also positively affected by AGE since prescribed fire is delayed in young stands to minimize damage and older stands incur more burns over time. Age directly influences RSDI, but does not directly influence TI in pine-dominated forest types. Once stands reach sufficient size or value they can be thinned, but age itself does not control thinning. Thinning can directly affect RSDI and subsequently snag occurrence can be mediated through RSDI. Path analysis was conducted with M-PLUS software (Muthén and Muthén, 2011) using the maximum likelihood estimation method for the loblolly pine, longleaf pine, mixed pine-hardwoods and hardwoods forest types. All endogenous variables were normally distributed except FI. The FI variable is highly skewed to the right due to the large number of observations with none or few burns that occurred decades prior to the inventory. In order to normalize FI, transformations were performed but they had little effect. We therefore randomly removed observations with FI values between 0 and 0.15 from each forest type. Approximately 85%, 70%, 75% and 90% of the points in this range were removed for loblolly pine, longleaf pine, mixed pine-hardwoods and hardwoods, respectively. This procedure normalized FI, but had little effect on the means of the other variables (Table 2) . We re-scaled AGE and SI by dividing by 100 to keep these variables within the same order of magnitude as the others. The main variables were centered by subtracting the means to reduce multicollinearity effects. Bivariate plots were examined among all continuous variables with either direct or indirect paths to evaluate whether transformation would improve the linear relationship. No relationships exhibited sufficient non-linear patterns to justify a transformation of the variable.
We compared the sign and magnitude of all standardized direct path coefficients whose p-values were 60.10. A standardized path coefficient is a partial correlation coefficient, ranges between positive and negative 1 and indicates a level of association between the two variables. Each indirect path coefficient was computed as the product of its individual paths (e.g., OF * FA) while the total indirect effect was the sum of the individual paths (e.g., (OF * FA) + (OD * DA). The total causal effect for AGE is then the sum of the direct effect plus the indirect effect (e.g. (OA) + (OF * FA) + (OD * DA)). We examined the logistic model results (below) for logical interactions between the variables that could be justified on biological or physical grounds and then revised the path model accordingly (Figs. 2 and 3) . The new alternative path model was compared against the original model based on the Akaike's Information Criteria (AIC) fit statistics (Muthén and Muthén, 2011) .
Predicting occurrence probabilities for a fixed area
We developed logistic models for all snags and large snags for each forest type to predict the probability that a sample point (not a fixed area) would have at least one snag and to identify important interactions among variables that justify revision of the path model. Later this probability with a sample point basis was converted to a fixed area of 0.25 ha. Independent stand variables consisted of AGE, SI and RSDI while management variables were FI and TI in the loblolly pine and longleaf pine forest types and FI in the mixed pine-hardwoods and hardwoods forest types. In addition, all 2-way interactions of all variables were included in the initial full model. PROC Logistic (SAS, 2004) was used for the modeling with the backward elimination option performed in a stepwise manner using a p-value of 60.10 for the elimination of a variable. All main effect variables were retained regardless of p-value if their interaction term was significant. The preferred predictive model was selected based on the relative AIC, the maximum re-scaled r 2 and the Hosmer-Lemeshow fit statistic.
Although we contemplated the use of more complex alternate approaches such as the Information Theoretic-AIC, we used the stepwise backward elimination because it is well known and, thus, would not detract from our main purpose of introducing path analysis. Moreover, it selected from only five main effect variables that had meaningful biological relevance to snag occurrence, resulting in a relatively small number of tentative models for consideration. We estimated a likelihood index of at least one snag on a fixed area for each forest type conditioned on stand and management variables based on the final model. This facilitated comparison of likelihood estimates among forest types and their change with conditions. To estimate the likelihood index for a fixed area (I A ) based on stand and management variables, we calculated the effective plot size (A qmd ) corresponding to the prism basal area factor (BAF) and quadratic mean diameter (DBH qmd ) of the forest type sample population using the standard formula of limiting distance (LD qmd ) (Husch et al., 1993) 
Then the corresponding area for the DBH qmd was
The resulting A qmd was the effective sample area for the sample population with the calculated DBH qmd . The I A of a snag on a fixed area of any size Z (ha) with given stand and management conditions is
where P is the probability of snag occurrence obtained from the logistic model and X = Z/A qmd is the number of units of A qmd on the selected area Z. This assumes that the probability of at least one snag on X areas of size A qmd is independent which is justifiable since the area is conditioned on the same stand and management variables. We established Z as 0.25 ha which provides a full range of I A values between 0.05 and 0.95.
Results

Path analysis
We estimated path model standardized coefficients for the probability of occurrence of one snag or more, and of one large snag or more, for all forest types (Table 3) . For loblolly pine and mixed pine-hardwoods, the models were not improved by inclusion of interaction terms based on the AIC values. The AIC values were substantially improved by including the AGE Â RSDI interaction for the longleaf pine and the SI Â FI interaction for the hardwoods path models (Figs. 2 and 3) . Thus, these path models with interaction terms were selected for the direct and indirect effects of the main variables in longleaf pine and hardwoods. Several results of the stand variables on snag occurrence were similar among forest types for the two snag size classes (Table 3) . We detected no significant direct effects of SI on snag occurrence for any forest type or snag size class. RSDI had no significant direct effect on snag occurrence except in longleaf pine and large loblolly pine. Stand AGE had a significant and positive direct effect except in the all size class of longleaf pine. The standardized direct path coefficients for AGE were larger than any other variable in all forest types except longleaf pine.
Path analysis revealed direct effects of fire and thinning relative to stand variables. For loblolly pine, TI negatively influenced snag occurrence for all snags as hypothesized, but not for large snags, and was about 60% of the direct effect of AGE. As hypothesized, FI positively affected snag occurrence in both snag size classes for loblolly pine with standardized coefficients being about half the AGE effect. In contrast, for longleaf pine neither FI nor TI showed significant direct effects for snag occurrence. The direct effect of RSDI was negative and dominated snag occurrence in both snag size classes for longleaf pine. In the mixed pine-hardwoods forest type FI did not have a significant direct effect on snag occurrence, which was influenced only by AGE. In the hardwoods forest type, the negative FI direct effect was comparable, but opposite of the positive AGE effect in both snag size classes. Although this is contrary to our hypothesis, the negative SI Â FI interaction reveals that at low SI, FI actually results in an increase in snag occurrence.
In general, the magnitude and significance of the direct effect path coefficients of SI to RSDI, AGE to RSDI, TI to RSDI and AGE to FI varied between forest types (Table 3 ). The loblolly pine and longleaf pine path coefficients of AGE to RSDI and TI to RSDI were negative while AGE to FI was positive as expected. As AGE and TI increased, RSDI decreased. In longleaf pine, the direct path from SI to RSDI was negative indicating that as SI increased, RSDI declined. With the mixed pine-hardwoods forest type no other direct path coefficients were significant. In the hardwoods forest type the path coefficient from AGE to RSDI showed that as AGE increased RSDI increased.
The indirect paths for loblolly pine, mixed pine-hardwoods and hardwoods were not significant, and thus interpretation of the relative size of their total effects is related to their direct path coefficients. In longleaf pine, the indirect paths for SI, AGE and TI were significant, which was entirely related to the indirect paths from these variables through RSDI or the AGE Â RSDI interaction (Table 4 ). The indirect coefficients were generally small relative to the RSDI variable in the all snag class. However, the TI and AGE indirect coefficients in the large snag class were much larger relative to the RSDI variable. a The OI path is the AGE Â RSDI interaction for longleaf pine and the SI Â FI interaction for hardwoods.
Predicting occurrence probabilities and likelihood indices for a fixed area
The average snag density varied considerably among the forest types with loblolly pine being 18.4, longleaf pine 11.7, mixed pinehardwoods 39.5 and hardwoods 33.6 snags ha
À1
. Large snags were very common in the mixed pine-hardwoods and hardwoods forest types, being 79-93% of all snags while in loblolly pine and longleaf pine they were only about 40% and 60%. Regression parameters and significance levels were obtained for the all and large snag logistic snag occurrence models (Table 5 ). The maximum re-scaled r 2 values were low, but expected when fitting logistic models for relatively rare events using point samples that represent small areas. The maximum re-scaled r 2 values were generally greater for the large snag models than for the all snag models. The all snag loblolly pine model included AGE, SI and FI, all with positive parameters, and the AGE Â SI interaction. The TI was not significant in the all snags predictive model, which contrasts with the path model. FI and AGE were positively associated with the probability of large snag occurrence between high and low FI values at the average SI of 25.9 m (Fig. 4) . In longleaf pine the predictive models for all and large snags are similar with respect to the effect of the stand variables, except SI, as well as the strong interaction between AGE Â RSDI, the effect of TI (positive), and the interaction between TI Â RSDI. Thinning reduces RSDI and lower RDSI values are correlated to increase snag occurrence in longleaf pine. The highly significant coefficients for RSDI are consistent between the path and predictive modeling approach. The relationship of large snag occurrence with AGE is complex due to the AGE Â RSDI interaction. In longleaf pine <60 years, which represents predominately planted stands, at the average TI of 0.175 and SI of 23.1 m, snag occurrence increases as RSDI declines, whereas in older, largely natural stands, the RSDI relationship is reversed (Fig. 5) . For the mixed pine-hardwoods forest type, a strong positive relationship existed between AGE and snag occurrence. Similar to path analysis results, FI was not related to snag occurrence and was only retained in the predictive model as a result of the marginally significant AGE Â FI interaction term. In the hardwoods forest type, the predictive analysis parallels the path analysis in the large snag class. Although AGE and FI are related to snag occurrence, a significant interaction existed between SI Â FI which altered the simple effect of FI. When SI was low (20 m), FI had a strong positive influence on snag occurrence (Fig. 6) . If SI was high (30 m), the relationship was negative (Fig. 7) .
Discussion
The path analysis confirmed the expectation that low-intensity prescribed fire was a dominant process contributing to increased snag occurrence for loblolly pine, the most widely distributed forest species in the southern U.S. Selective thinning was also an important process affecting snag occurrence, but only when considering snags contained in all size classes, including those small snags not generally as important to primary cavity nesting species as large snags (Lohr et al., 2002) . The proposed mechanistic cause of additional wind-loading due to thinning is not consistent with these results (Petola, 2006) . The results suggest that mechanical thinning operations may simply destroy very small material and/ or that smaller diameter stems are preferentially harvested. The latter operation would remove suppressed or sub-dominate trees that contribute to smaller diameter snags. Based on the results, the application of prescribed fire at intervals of 2-4 years can have effects on snag recruitment comparable to stand age in loblolly pine forests. However, age is the most important stand condition influencing large snag occurrence.
Our path model results for longleaf pine contrast dramatically with those for loblolly pine. Age was not a major variable for longleaf pine except among large snags, and neither prescribed fire nor thinning had a significant direct causal path to snag occurrence. Longleaf pine is known to be among the most fire-tolerant species in the region (Wade and Johansen, 1986) . The very large path coefficients showing that snag occurrence decreased with higher stem densities is counterintuitive since thinning had no significant direct effect in the path analysis. We interpret the strong RSDI relationship as a long term effect resulting from density management that contrasts with a short term or immediate effect associated with TI. Lower RSDI values are a consequence of thinning. Maintaining low densities in longleaf pine is a primary goal on 60% of the SRS and on many other federal and state-owned lands managed for the endangered red cockaded woodpecker (Picoides borealis). Over long periods, open stands may be more susceptible to damage from ice storms, and thinning can introduce Heterobasidion annosum root disease that can enhance mortality rates (Sullivan et al., 2003) . The interaction of RSDI with AGE may reflect the transition between planted stands < 60 years versus naturallyregenerated stands > 60 years that remain fully stocked. These older stands would be susceptible to self-thinning, as well as successive lightning strikes and bark beetle attack (Outcalt, 2008) . For both mixed pine-hardwoods and hardwoods forest types, path analysis identified age as the most important causal factor leading to increased snag occurrence. Fire had no effect in the mixed pine-hardwoods forest type, which undergoes prescribed fire within the pine dominate landscape matrix. However, the fire intensity is typically low due to low dead fuel loads and sparse live shrub-grass cover . Within the hardwoods forest type there is a clear change in the fire effect on snag occurrence with SI. At lower SI values snag occurrence increases with FI whereas at higher SI values the relationship is reversed (Figs. 6 and 7). We examined species composition and found only small differences (1-2% in the dominate species) between high and low SI sample points. Lower SI stands are on drier upland terraces with respect to groundwater and potentially greater fire intensity than riparian forests, but that process does not explain why fire is associated with fewer snags on high SI stands.
Conclusions
The hypotheses that snag occurrence would be increased by routine low-intensity prescribed fire and decreased by thinning was confirmed for loblolly pine but varied for other forest types. Fire was not important in the longleaf pine and mixed pine-hardwoods but was for hardwoods where the relationship depended on site quality. Although age was the most important variable affecting snag occurrence for most forest types, fire and density management practices can also have major beneficial effects for certain forest types, particularly in stands less than 60 years old. Our study represents a broad range of stand and management conditions characteristic of non-industrial land management practices that predominate in these biomes. Snag average densities fall within the general range of values reported for other studies in the region for hardwoods, but they are slightly greater for pines (McComb et al., 1986; Land et al., 1989; Moorman et al., 1999) . Path analysis results confirm that common forest management practices in conjunction with species composition are important conditions with direct causal relationships to snag occurrence. These factors, in addition to stand age, should be considered in landscape assessments of wildlife-dependent snag habitat management (Ohmann et al., 1994; Kroll et al., 2012) .
